Wettability alteration is a key method for recovering oil from naturally-fractured, oilwet carbonate reservoirs. Many surfactants have been proposed for this purpose, including sulfonates, alkyl ammonium bromides or ethoxylated alcohols. Nevertheless, the very intrinsic link between oil recovery from an initially oil-wet rock and surfactant characteristics has been poorly studied. In particular, the interplay between rock wettability alteration and oil/water interfacial tension (IFT) reduction due to chemicals is not fully described.
Introduction
Generally speaking, carbonate reservoir rock surface is preferentially covered with oil. In practice, extreme oil-wetness is rare, but about 80% of carbonate reservoirs are classified as neutral to oil-wet (Chilingar & Yen 1993) . Carbonate reservoirs are also usually highly fractured (Bjorlykke 1989 , Sun & Sloan 2003 . The combination of those characteristics leads to premature high water-cuts and low oil recovery during water flooding, as no spontaneous imbibition can occur from the fracture to the matrix (Allan & Sun 2003) . Thus, chemical formulations that can alter successfully carbonate minerals from oil-to preferentially water-wet conditions are promising EOR (enhanced oil recovery) agents for these reservoirs.
Wettability is defined in petrophysics as "the tendency of one fluid to spread on or adhere to a solid surface in the presence of other immiscible fluids" (Craig 1971) . Wettability affects capillary pressure, relative permeability and residual oil saturation (Anderson 1986a , Anderson 1986b , Anderson 1987a , Anderson 1987b , Anderson 1987c . Extensive studies related to the interaction between rock, brine and crude oil show that wettability alteration depends on aging time, temperature, water saturation, nd Annual Symposium & Workshop IEA Collaborative Project on Enhanced Oil Recovery -2 -crude oil composition, brine composition and rock surface (Buckley 2001 , Graue et al. 1994 , Jadhunandan & Morrow 1995 , Sun & Sloan 2003 , Zhou et al. 2000 . The general mechanism of this alteration is a non-uniform adsorption of crude oil components such as asphaltenes and naphthenic acids on carbonate surface. Although most parameters measured at the lab scale give average wettability values, wettability is not necessarily uniform, and mixed wettability where large pores are oil-wet and smaller pores remain water-wet most likely takes place at reservoir scale (Salathiel 1973) . From a physical chemistry standpoint, our goal was to investigate how surfactants could adsorb onto the carbonate rock hydrophobic layer without desorbing it. Our approach therefore differs from classical detergency-like applications (Seethepalli et al. 2004) , in which removal of oil from the rock surface is mainly carried out through ultra-low oil/aqueous solution interfacial tension. Here we focus on reducing interfacial energy between hydrophobic substrate and aqueous solution. Whereas spreading of aqueous surfactant solutions in air (Lee et al. 2008 ) is well documented, situation where oil is present as a second immiscible phase has been poorly studied. Due to the complexity of the phenomenon (de Gennes 1985 , Wasan & Nikolov 2003 , a direct high-throughput measurement of this effect is needed to investigate a large number of molecules. Among the various methods proposed in the literature for surfactant screening (Hirasaki & Zhang 2004 , Rao 2002 , Wu et al. 2008 , we chose contact angle measurements derived from classical "adsorption tests" (Buckley 2001) . Partial wetting of one fluid phase on a substrate in presence of another immiscible fluid is well described by this method.
In this paper, we describe a workflow for selecting chemicals to alter wettability in carbonate reservoirs. Hundreds of surfactants have been screened automatically using high throughput contact angle measurements. Our technique allows a simultaneous estimate of wettability alteration and interfacial tension (IFT) lowering induced by surfactants. Pre-selected candidates efficiency has been assessed by manual contact angle measurements on carbonate representative surfaces treated with wettability altering crude oil. Finally, two selected surfactants with different IFT and wettability modification characteristics have been evaluated in Amott/USBM tests. From these results, a qualitative correlation between results from Amott/USBM measurements and initial contact angle measurements has been established.
Methodology
Contact angle measurements. Equilibrium contact angle of a droplet on a surface is given by Young's law (Eq. 1 in Figure 1 ). We directly measure contact angles of various aqueous surfactant solutions on a hydrophobic (oil-wet) surface immersed in white oil. All surfactants used in this study belong to Rhodia portfolio and are commercially available. The experiment was designed to have a pure water contact angle under oil over 90°. In this configuration, according to Young's law (Eq. 1), a decrease in contact angle translates into a reduction of interfacial energy between the hydrophobic substrate and the surfactant solution. Automated contact angle measurements. A model hydrophobic surface was prepared by spincoating polystyrene (Mw= 280000 g/mol, Sigma) solution on a standard borosilicate glass slide (76 x 26 x 1 mm, VWR). Preparation results in a 1 µm smooth polystyrene layer. Contact angle (as defined in Figure 1 ) of pure water on polystyrene substrate is 90° +/-5° in air and 150° +/-5° when immersed in dodecane. In agreement with the scope of our studies, aqueous surfactant solutions do not desorb the polystyrene layer.
A GESIM robot, originally designed for inkjet printing, was adapted to accommodate contact angle measurements (Figure 2 ). Contact angles were measured on model substrate immersed in a homemade container filled with dodecane (99%, VWR). Surfactant solutions were tested at 1 wt. % (far above usual critical micellar concentration) in distilled water possibly supplemented with NaCl (VWR). The robot takes pre-formulated surfactant solutions from a standard 96 microwells plate (VWR). Microwells plate formulations can be prepared and analyzed (e.g. solubility measurements) using another robotic platform from the laboratory (Morvan et al. 2008) . Droplets were automatically deposited under oil using a passive tip combined with a standard syringe pump diluter, yielding reproducible 1 µL volumes. A picture of the drop was taken immediately after deposition and a second picture was taken later (90 s.), to allow for equilibration. Between each formulation, the deposition tip is rinsed in a wash station. In this paper, we present experiments carried out at ambient temperature, but our platform currently enables to work up to 70°C.
Droplet images are automatically analyzed using a homemade Matlab routine. Contact angles were extracted by contour detection and oil/aqueous solution interfacial tension is obtained by fitting the drop apex with Laplace equation. We thus have a "2-in-1" automated surfactant characterization, provided the oil/aqueous solution interfacial tension is not below 0.5 mN/m.
Our setup allows screening of 20 formulations per hour without any operator intervention. Most importantly, repetitive robotic deposition of the droplets guarantee reproducibility, as droplet volume and height are kept constant. Using the 10 µm displacement precision of the pipette head, "in-drop" formulation can also be carried out by successive addition of components to initial water droplet. Preparation of carbonate representative surfaces. In order to assess the effectiveness of selected formulations on real carbonate surfaces, calcite crystals representative of the carbonate matrix pore surface mineralogy were used (Morrow & Buckley 2006) . Calcite Iceland Spar test chips (approximate dimensions 10 x 10 x 5 mm, Wards Natural Sciences) were treated with Lagrave crude oil (south west of France) to provide oil wet substrates. Lagrave crude oil contains 33.6 % saturates, 35.3 % aromatics, 20.4 % resins and 10.7 % asphaltenes as determined by SARA method. The oil total acid number and total base number are respectively 0.08 mg KOH/g and 0.81 mg KOH/g. Oil density and viscosity at 20°C are respectively 0.8405 g/cm3 and 6.1 cp. Lagrave crude oil is known to strongly change rock wettability toward oil-wet by asphaltenes precipitation (Abdallah et al. 2007 , Buckley 1998 . As oil acidic number is low, wettability change by adsorption of naphthenic acids through electrostatic interactions is unlikely to occur.
Calcite crystals were sonicated 10 minutes in distilled water and successively rinsed with heptane, toluene, acetone, isopropanol and water. Calcite chips were then immersed in a cell, saturated under vacuum with the crude oil, and stored at 30 bars and 70°C during 1 month (treatment times shorter than 1 month gave unstable and irreproducible coatings). The chips were removed from the cell and excess of oil drained off. Finally, the chips were cleaned with cyclohexane and dried at 60°C during 24 hours. At the end of the protocol, a thick colored coating can be visualized on calcite crystals (Figure 4a ). Average contact angle with water on treated calcite surfaces is 95° +/-5° in air and 160° +/-5° when substrate is immersed in dodecane. Contact angle with water on native calcite in air is around 30° +/-5°. This demonstrates the ability of Lagrave oil to create thick hydrophobic coatings on carbonate surfaces. Some heterogeneity was noticed, mostly due to crystal roughness, giving rise to contact angle as high as 180° on particular spots. 
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Water Saturation S w Amott/USBM application tests. These tests were carried out to evaluate the ability of selected formulations to alter the wettability of an initially oil-wet core. In this paper, imbibition refers to displacement of oil by aqueous solutions and drainage refers to displacement of aqueous solutions by oil.
According to Figure 3 , the water (WWI) and oil (OWI) wettability indexes are defined as:
The Amott-Harvey index is defined as:
The USBM index compares the energy needed to force penetration of aqueous solution into the core versus the one required to force penetration of oil: The rocks used in this study were Lavoux limestone (99% calcite) cores (length 55 mm; diameter 39 mm). Mercury injection tests indicate a double porosity with 0.4 µm and 12 µm pore throat diameters. Rock average permeability is k = 45 mD and porosity is Φ= 23.1 %. Cores were aged with Lagrave crude oil according to a protocol described in a previous publication (Tabary et al. 2009 ). Once treated, cores were flushed with Soltrol 130 (Chevron) to remove crude oil and then flushed with water until residual oil saturation S or was reached. temperature) up to S cw . Fluids production was monitored as a function of time during spontaneous displacement steps and as a function of applied capillary pressure during forced displacement steps.
In the experiments described here, unlike traditional Amott/USBM tests, steps of forced imbibition were carried out using surfactant formulations rather than brine. This is considered as the most realistic way to estimate wettability alteration induced by the molecules (Chen et al. 2000) . Interfacial tension being lowered by a factor 10 to 100, compared to the 10 4 fold required for low interfacial tension flooding, we can assume that supplementary oil recovery is due to a wettability change. As for the measured indexes, USBM index corresponds to the balance of forced imbibition surface curves versus the one corresponding to forced drainage. Lowering the oil/aqueous phase interfacial tension in the absence of wettability alteration should leave this ratio unchanged, where as it should vary if wettability is changed. The same rule applies to the Amott-Harvey index.
The inverse Bond number N B -1 , expressing the balance of capillarity and gravity in fluid displacements, is defined as: where ∆ρ stands for the density difference between aqueous solution and oil and g is gravity, with all units in SI.
In our system, N B -1 is around 150 for pure water in presence of Soltrol and around 4 considering the lowest IFT we reach with the surfactant tested. Gravity can therefore be neglected and it is appropriate to consider that spontaneous fluid displacements are due to capillary forces (Schechter et al. 1994) .
Results and discussion

Selected molecules
After an automated screening of more than 15 surfactant families in Rhodia portfolio, two surfactant formulations with different behaviors were selected ( Figure  4b ). Both were formulated at 5000 ppm total surfactant concentration in brine (20 g/L NaCl).
Formulation 1 yields an important spreading of the aqueous solution with a final contact angle θ = 95° +/-5° and an IFT with Soltrol 130 equal to 0.5 mN/m.
Formulation 2 has a less dramatic effect on spreading than formulation 1, with a contact angle θ = 130° +/-5° on polystyrene substrate and an IFT with Soltrol 130 equal to 3 mN/m. Both formulations form clear solutions at ambient temperature and up to 40°C. IFT was estimated from contact angle pictures and using a homemade pending drop setup. Correlation between contact angle measurements on model surfaces and on treated calcite
The two selected formulations showed similar behavior on model polystyrene and on calcite surfaces (Figure 4b ). Slight differences are attributed to coating heterogeneities on calcite crystal. As long as the surfactant is designed to cover the hydrophobic surface, these results confirm that a model surface can be used to screen surfactant efficiency.
Amott-Harvey index
Tests were carried out on three cores (cores 1, 2 and 3 corresponding respectively to formulations 1, 2 and brine as reference). The measured WWI, OWI and Amott-Harvey index WI for the 3 cores are presented in Table 1 . These values can be correlated with the fluid production behavior during the spontaneous imbibition and drainage phases ( Figure 5 ). Spontaneous imbibition. As expected, the reference (core 3, brine) shows nearly no spontaneous imbibition, with 2.2 % original oil in place (OOIP) recovered at the end of the experiment (800 hours). No more oil is produced between 200 and 800 hours. This confirms effectiveness of Lagrave crude oil treatment to change wettability.
Spontaneous imbibition curves for the three cores give a good indication of the improved wettability obtained with formulation 1 and 2 compared to brine. Formulation 1 yields rather poor oil recovery with only 3.6 % OOIP recovered at the end of the experiment and nearly no increase after 800 hours. Formulation 2 proves to be the most efficient with 8.2 % OOIP recovered at the end of the spontaneous imbibition phase. A strong increase in the imbibition slope is also observed after 200 hours. From the asymptotic shape of imbibition curve with formulation 2 we can anticipate imbibition process should continue at a constant rate over a long period of time. This demonstrates key impact of IFT on spontaneous capillary imbibition in tight oil-wet carbonate cores. A surfactant formulation maintaining a larger IFT offers a better performance in imbibition tests.
Nevertheless, none of the formulations we tested give large oil recovery by spontaneous imbibition. This can be attributed to multiple causes: -Long time scales for surfactant diffusion into the core: experiment with formulation 2 was stopped where as oil production was still going on.
Spontaneous drainage. Spontaneous drainage by Soltrol 130 occurs after the aqueous solution was forced into the cores by centrifugation. Oil slightly penetrates in cores contacted with formulations 1 and 2 whereas it strongly drains brine out of core 3 (reference). This shows that forced penetration of both formulations in the core gives rise to significant wettability alteration. This results correlates well with contact angle measurements obtained on model substrate. Those data clearly emphasize importance of properly managing fracture/matrix interaction in real reservoirs. Forced penetration of surfactant solutions from the fracture to the matrix will result in stronger wettability alteration than a simple soaking of the reservoir with surfactant solutions.
Conclusion
We have set up a complete operational workflow for selecting surfactants providing wettability alteration in oil-wet fractured reservoirs. Our high throughput contact angle screening test is unique and permits a robust selection of surfactant formulations at various temperature and salinity conditions. Complementary tests carried out on calcite crystals confirm the relevancy of the screening protocol. Amott/USBM application tests gave mixed results that can be explained by the long time scales required for surfactant diffusion. Nevertheless, starting from an oil-wet core, intermediate wettability has been obtained using one of our formulations. Intermediate wettability is known to give the best recoveries during waterflood (Jadhunandan & Morrow 1995) . Therefore, our formulation should give improved performance in a cyclic wettability alteration process, where surfactant solutions and brine are alternatively injected (McClure 1989) . Moreover, in a real reservoir, our formulation should allow obtaining a uniformly intermediate-wet state due to uniform surfactant adsorption. This should also increase the recovery factor in comparison with the original mixed-wet state of the reservoir.
Our approach also allows qualitative correlation between contact angle measurements and Amott/USBM tests. Energetic analysis of the spreading phenomenon shows that aqueous solution spreading will be total if the out of equilibrium spreading parameter S= γ os -γ ow -γ ws is positive, and favored if spreading parameter is negative or close to zero. In this context, the lower the value of the oil/water interfacial tension γ ow , the better the wettability alteration is. However, wettability alteration in EOR is aimed at favoring water capillary imbibition. Therefore, surfactants giving rise to low oil/aqueous solution interfacial tension γ ow can give improved contact angle measurements but prove to be inefficient to enhance spontaneous water imbibition. The best results are obtained through a compromise between good spreading of the water droplet and relatively large interfacial tension with oil (γ ow >1 mN/m). In a real field, performance will also depend on reservoir characteristics, such as block disposition and block heights between fractures. In particular, the balance between gravity and capillary drainage will have to be taken into account to choose the best tertiary recovery solution.
Dynamic phenomena taking place at the fracture matrix interface will play a key role in the efficiency of a wettability altering EOR treatment. A complementary work using micro-fabricated transparent models of porous media ("micro-models") with dualporosity has been launched to investigate invasion mechanism and propose solutions to improve fluid penetration in small network .
